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Grand Teton National Park (GTNP) and Yellowstone National Park (YNP) are the
largest protected areas within the Greater Yellowstone Ecosystem (GYE), and they are
also the largest semi-intact northern temperate ecosystem on Earth. In the early 1900s
deliberate federal extermination programs extirpated apex carnivores throughout most of
the United States. By 1926, the U.S. National Park Service ended its predator control
efforts, and, nearly a century later, the importance of apex predators such as the grey wolf
have come to be accepted as part of a healthy ecosystem. Research on the recovery and
restitution of the apex carnivore guild in the GYE has shown the value of ecosystemic
diversity for the functioning and resilience of this ecosystem. This dissertation examines
the role of a complex community of mammalian species in maintaining overall ecosystem
health. The study explores the pathways by which land use change — broadly recognized
as anthropogenic disturbance — prevents or promotes the emergence of human infectious
diseases.
I focused on the rodent community as a key zoonotic reservoir of pathogens that
have a high value for public health, as well as for the unknown natural history of the
mammalian community of the GYE. In consequence, I studied two paramount research
questions:
Question 1: What are the direct effects of anthropogenic disturbance on rodent community
assemblages and the consequent indirect effects on public health?
Here, I first surveyed the rodent community and their pathogens by using land use as a
measure of anthropogenic disturbance. I considered human settlements, horseback ranches,
and pastures as degraded habitats compared to a suite of natural landscapes equivalent in
their vegetation cover.
I identified pathogen in rodent blood samples by Reverse Line Blotting. I screened
for 41 pathogens belonging to 8 pathogen genera: Anaplasma, Babesia, Borrelia,
Ehrlichia, Francisella, Hepatozoon, Rickettsia and Theileria.
Next, I used spatial autocorrelation and reservoir-pathogen-spatial correlation to
elucidate the general pattern of host-pathogen association in the system. Further, I used a

traditional community ecology approach—α, β and γ diversity—to tease apart the effect of
land use change on infection patterns in the rodent assembly.
Finally, I disentangled the frequency-dependent and density-dependent patterns of
Emerging Infectious Disease (EID) risk. I analysed the pathogen cases in rodents
associated with land use alteration through Incidence Risk Ratios, which takes into
account disease prevalence, and then I modelled EID risk through a probit approach to
address reservoir population density change among treatments.
Question 2:

Thriving key focal species — What are the determinants in disease

coinfection, host community competence, and host immunity?
Here, I used a community competence modelling approach to assess how community
assemblage influences disease prevalence across treatments. Then, I explored the pathogen
co-infection patterns in individual rodent hosts. Lastly, I addressed the role of rodent lifehistory strategies in determining community disease prevalence by measuring innate and
acquired immune responses across land use change.
To conclude, I show that anthropogenic disturbance increased overall disease risk for
rodents, not because a particular hyper-reservoir species became more abundant, but rather
because the abundance of other hosts, albeit less competent reservoirs, increased
significantly. However, overall diversity of rodent reservoir species did not contribute to
pathogen occurrence density change across treatments. This density-dependent
phenomenon could be inferred from the higher biodiversity at the GYE regional scale while
down-regulating the rodent reservoir population in the pristine habitats (e.g., competition
for resources, vegetation cover, predation). Further, reservoir intrinsic life histories and, in
consequence, immunity strategies, shape coinfection rates in the rodent community.
My results reveal that the direct effect of anthropogenic disturbance on the occurrence and?
density of infectious diseases reflects a complex array of numerous interacting factors that
determine the risk components of a given zoonosis.
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Emerging zoonoses represent a significant threat to human health1-3, and identifying
factors responsible for the emergence of particular pathogens is an urgent priority4.
One prominent view is that animals in biodiverse ecosystems5, with intact food
webs6,7, support fewer pathogens3,8-11 than ecosystems that are degraded by human
activities. The view that degraded ecosystems support higher disease risk because of
the greater abundance of fewer host species, as well as simplified food webs, is
appealing from a conservation perspective, and it has influenced policy statements
about the ‘value’ of biodiversity4,12. However, several authors have argued that the
higher diversity of intact systems could also increase disease risk under many
circumstances13-18. Here, we examined how land use—more generally, anthropogenic
disturbance—impacts tick-borne pathogen risk in small mammal communities in the
Greater Yellowstone Ecosystem, one of the most pristine ecosystems remaining on
Earth. We show that disturbance dramatically increased overall density of infected
individuals, not because a particular focal host species became more abundant, but
rather because of the 50% greater relative abundance of the remaining host species
across the rodent community assemblage. Further, disturbed environments
supported higher rodent density overall, likely owing to reduced predator pressure
and abundant food.
These empirical findings highlight the key role of host community assemblage in
density-dependent and frequency-dependent disease dynamics in the context of
ecosystem-disturbance. By disentangling the ecosystemic nexus between ecosystem

biodiversity and community assemblage, our results emphasize the importance of a
comprehensive framework to recognize the factors influencing the risk of zoonotic
disease to humans at the wildlife-environment-human interface.
Globally, as ecosystems become increasingly altered and simplified19, understanding
the benefit of a complex, intact community of hosts for maintaining ecosystem health and
controlling the risk of emerging and re-emerging infectious diseases (EID) became
imperative1-4,11,12. Interest in the biodiversity-EID paradigm has recently focused on the
promising idea that undisturbed ecosystems support greater biodiversity and higher food
web complexity, which reduce disease risk for humans, livestock, and wild animals3,5,9,
providing a strong rationale for conserving intact ecological systems. One consequence of
conserving natural environments is to maintain the richness and abundance of predators,
which in turn, reduce the densities of many competent small-mammal hosts for EIDs6-8,10.
Diversity of potential host species also might reduce the threat of EIDs through the
“dilution effect”, whereby disease transmission is reduced within less dense populations of
competent reservoir species, thereby reducing the community-wide disease pressure of a
particular pathogen5,20. In contrast, undisturbed ecosystems also might promote disease
emergence and spillover to humans and livestock – as incidental hosts – if naturally more
heterogeneous environments supported a greater diversity of pathogens, including those of
higher pathogenicity along with their intrinsic reservoirs. Further, contagion is intensified
during human encroachment on wildlife habitat by increased human–focal host contact and
by enabling access to a greater variety of alternate reservoir host species that potentially
support a higher diversity of novel pathogens13,15,17.
Furthermore, the link between biodiversity and epidemiology underpins the modulatory
effect of host community assemblage on disease dynamics21,22. To this end, empirical data
integrating host community composition, life histories, and zoonotic diversity is
fundamental to building a predictive framework for evaluating the impacts of land use
change and biodiversity loss on the potential for EIDs outbreaks.
To tackle this premise, we focused our study on the order Rodentia. Among mammalian
taxa, rodents pose the greatest EID risk to humans — 10.7% of rodent species are zoonotic
reservoirs23 — which is attributable to the incredible adaptability of rodents to a wide range

of habitats, thriving as synanthropic species in degraded environments24, and to inherent
host traits, such as rapid pace-of-life reproductive strategies25.
Here, we explore how land use change affects tick-borne pathogens in rodent host
communities in natural environments and in habitats degraded by grazing and human
activity in the Greater Yellowstone Ecosystem (GYE), spanning northwest Wyoming,
southwest Montana, and eastern Idaho, in the USA. Within the GYE, Grand Teton National
Park and Yellowstone National Park are the largest protected areas; the GYE is one of the
few locations in the contiguous United States with a largely intact food web consisting of
a high diversity of mammals across all trophic levels. The GYE is particularly noted for its
complex large-mammal predator-prey dynamics: among apex carnivores are wolves
(Canis lupus), grizzly bears (Ursus arctos), and mountain lions (Puma concolor), which
prey on eight ungulate species. This outstanding species richness of mammals, including
many additional medium– and small–sized carnivore species and their smaller mammalian
and non–mammalian prey, makes the GYE unique for exploring the role of predators, and
of biodiversity in general, in maintaining a healthy ecosystem26. Nevertheless, these apex
predators in particular, due to their expansive home range needs, are highly sensitive to
human activity, habitat alteration, and are often at the crosshairs of human–wildlife
conflict27. Therefore, one consequence of this three-way interaction —human, predator
and prey— is the avoidance response of carnivores to the risks of human–caused
mortality28, which is linked to prey redistribution, creating artificial safety-shields for
synanthropic species (e.g., rodent species), among many other prevailing trophic top–down
cascading effects on ecosystem processes29.
Here we combined a high–resolution block design to sample naturally occurring
rodent community assemblages across land–use gradients of paired pristine versus
degraded habitats with comprehensive pathogen screening of rodents hosts through a
sensitive DNA–based reverse line blotting technique30-32. Using this approach, we describe
the effects of anthropogenic change on reservoir assemblage shifts and the risk of pathogen
infection.
Over twelve weeks we surveyed (here, the abundance and assemblage composition of
2 to 8 species (Fig.1) of rodent across twenty–four sites within the GYE. We standardised
each 1-ha site with an equal sampling effort of 440 trap-nights. We captured, marked, and
frequently recaptured 1,190 individuals of 10 host species, and we assessed reservoir

infection and co–infection in 1,068 of them. We especially focused on the detection of 8
pathogen genera of concern as emerging zoonoses (i.e., Anaplasma, Borrelia, Babesia,
Ehrlichia, Francisella, Hepatozoon, Rickettsia and Theileria), including the pervasive
agent of Lyme disease —Borrelia burgdorferi— among 25 other zoonotic pathogens. All
host species harboured one or more—up to 6—of these pathogen genera.
Diversity—expressed as effective number of species— takes into account the richness
(i.e., species count) and evenneess (i.e., species frequency equitability) that characterize
the compositional complexity of a community. Both aspects are crucial to identify shifts in
rare and superabundant species that affect the variety of interactions among the individuals
of a community, which in turn would reduce or increase the potential risk of a host species
to become a disease hyperreservoir. Our approach uses a continuous range of diversities
that provide a clear depiction of the degree of dominance of Peromyscus maniculatus in
the community along a marginally higher diversity profile in disturbed habitats (Fig.2; Hill
numbers, t= -2.1537, P=0.042).
Degraded habitats lacking large mammals exhibited 48.4% higher rodent density than
pristine habitats (linear model (LM) F4,19 = 4.62, P = 0.009). Peromyscus maniculatus was
the most numerous species in both disturbed and undisturbed communities, accounting for
38% and 58%, respectively (LM, F1,22= 6.56, P = 0.018), of all individuals. However,
although P. maniculatus was proportionally dominant in undisturbed assemblages, its net
population density remained constant across treatments (LM, F1,22= 0.010, P = 0.92) while
the remaining rodent species compositional complexity increased. In disturbed
assemblages populations of most host species increased, especially in the case of Tamias
(T. minimus and T. amoenus), whose populations increased by 146% (LM, F1,22= 5.1, P =
0.015).
Compositional similarity—used as β diversity proxy—was quantified by comparing
communities on shared information between any two communities33,34. Similarity was
significantly higher in comparisons of species abundances in the pristine habitats
(Morisita(pristine)= 0.782 (s.e. 0.042, 95%CI[0.701,0.862]) versus Morisita(degraded)= 0.566
(s.e. 0.032, 95%CI[0.501 , 0.628]); t=4.61, P=1.1𝑒 −5 ), reflecting the importance of
Peromyscus as the dominant superabundant species across habitats. The abundance of
Peromyscus populations35 reduces the variety of interactions among individuals, which
increases the potential for regional contagion among the more abundant host species.

Similarity across the regional scale increased with respect to the local scale (MorisitaHorn(GTNP)=0.89, s.e. 0.02 and we found consistently lower evenness among pristine
community assemblies (Pielou’s evenness index(mean)= 0.67) suggesting a much stronger
role for environmental filtering36.
We detected 26 pathogen species in the rodent community (Fig 3). Pathogen diversity
did not differ significantly between pristine and degraded sites (Hill numbers, t= 0.83, P =
0.41), but the similarity of pathogen community composition was higher among the
degraded habitats (Morisita(pristine)= 0.80, s.e.=0.03; Morisita(degraded)=0.89, s.e.= 0.04; t=2.29, P=0.02). This suggests that pathogens are highly sensitive to host interspecific contact
dynamics as host communities increase their densities, and as pathogen community
assembly homogenizes with increasing host assembly evenness, resulting in the loss of
rarer species of pathogen.
Nevertheless, when scrutinized at the regional scale, both treatments were almost
identical (Morisita-Horn similarity index= 0.98, s.e.=0.01), indicating many shared species
relative abundances. That is, among pathogen species occurring in disturbed areas, nearly
all were present in all localities. This might have resulted from the loss of rarer host species
with disturbance, with the effect of homogenizing the pathogen species pool.
In order to tease apart the effect of host frequency and host density on pathogen infection
we used two distinct metrics. First, the traditional epidemiological measure of Incidence
Risk Ratio (also known as Relative Risk Ratio), estimates the infection risk of the
individuals in the degraded habitats relative to that in the pristine habitats for a particular
infectious disease (Methods and Extended Data, Table 1). Second, we constructed a
density-dependent probit model to address the influence of the community assembly
context on the probability of infection. We used the overall percentage of P. maniculatus
per treatment as a proxy for anthropogenic disturbance, and we used host densities as the
effect metric (Methods and Extended Data, Table 2).
Comparing both disease-risk inference methods, we found that the Incidence Risk Ratio
(IRR) underestimates disease risk in degraded habitats. For example, under the IRR scope,
Peromyscus maniculatus presented higher relative risk in the disturbed plots for four
(Babesia spp., Francisella spp., Hepatozoon spp., and Rickettsia spp.) of the 16 pathogens
that it harboured. In contrast, Tamias exhibited higher prevalence of all the pathogens in

the undisturbed areas, significantly so for half of them. Surprisingly, Zapus princeps had
significantly higher relative risk in the degraded habitats for Borrelia spp., for the
piroplasms Babesia spp., Hepatozoon, spp., and Theileria spp., and for the bacteria
Rickettsia spp. and Francisella spp.
The probit model addresses shifts in rodent density and relative abundances across
locations. Under this approach, predominant densities of Tamias in degraded habitats
predict a more equitable risk distribution for all pathogen genera throughout the different
host species. Thus, Tamias shifts from being the “least” risky in disturbed locations to a
more central role along with Z. princeps in pristine locations (Fig 4, panels a and c, versus
b and d).
However, under both approaches, the pathogen responsible for Lyme disease (B.
burgdorferi) exhibited significantly higher risk in the undisturbed areas considering the
overall rodent community as well as each rodent host species individually, except for Zapus
princeps IRR (Fig.4b and 4d).
The prevalence of Borrelia borgdorferi sensu lato varies dramatically among host
species. Remarkably, 19.7% of the infections of this pathogen were recovered from
Microtus (M. montanus, M. longicaudus and Myodes gapperi) and 15.5% from Tamias (T.
amoenus and T. minimus), compared to 33.4% from the more abundant Peromyscus
maniculatus. Many of these occurrences of pathogens represent new host species records
and extensions of the geographic distributions of zoonotic pathogens.
We can infer, in general, that the frequency-dependent change in pathogen incidence
risk ratio (IRR) suggests a protective effect of community evenness in the degraded habitats
(Fig.4a and 4c; IRR<1). However, the projected change in the incidence of the pathogens
for each reservoir taxon reveals the effect of community composition at the local scale (i.e.,
P. maniculatus, Microtus, and Z. princeps densities are equal in both treatments).
Therefore, it is possible to conclude that even though there is a lower probability ratio of a
given rodent being infected with a given pathogen, the actual probability of encountering
an infected host in a disturbed habitat is higher due to the higher density of the rodent
community (e.g., 148% higher Tamias density in degraded habitats).
Furthermore, the two competing forces (i.e., probability of infected host and density of
host) in this study exposes the fact that, even when considering a disease with lower

probability of occurrence in a disturbed area, this is overwritten by the higher densities of
hosts in the area (Fig.5a versus 5b). Ultimately, the density of rodents will have a higher
relevance for human disease risk rather than solely the probability that rodent is infected.
As a result, pristine areas while harboring more Peromyscus maniculatus individuals
relative to “other” rodent species — lower assembly evenness —the greater IRR is
counteracted by the overall lower rodent densities in the pristine habitats. In consequence,
the intrinsic net disease risk is higher in anthropogenically disturbed habitats (Fig. 5b).
Risk of emerging infectious disease involves interactions among the rodent community,
pathogen community, and vectors. The systematic contrast between natural and humandisturbed environments in this study allowed us to explore the conditions under which the
changes in host density and rodent community assembly can trigger disease risk shifts.
Taken together, our results showed that human impacts on habitats in the Greater
Yellowstone Ecosystem resulted in higher rodent density, diversity, and evenness.
However, anthropogenic disturbance did not produce lower overall pathogen risk, whereby
suitable host species would have occurred at lower densities, thus slowing the rate of
infection of susceptible hosts. In particular, we argue that habitat change can negatively
impact public health by increasing the availability of food and shelter for synanthropic
reservoirs, most likely related to a lowering of the abundance and diversity of predators
close to human settlements. Our findings contribute to the understanding of the role of
complex mammalian community assemblages in the emergence of infectious diseases.
METHODS
Habitat description and rodent sampling
Our field study was located in Grand Teton National Park (43°44`0``N 110°48`12``W),
within the Greater Yellowstone Ecosystem. Anthropogenic disturbance was classified as
human settlements (i.e., cattle ranches and villages) and grazing pastures. Undisturbed
plots (montane meadows) were selected based on a hydric gradient, which ranges from wet
to very dry meadows (M1 to M6 clasification37). We used an experimental design including
four blocks, each with three highly disturbed plots and three relatively undisturbed plots
with natural vegetation cover. Twenty-four parcels were chosen for this purpose: two
grazing plots, three horse/cattle ranches, and seven villages as part of the highly disturbed

areas lacking large mammals; as part of the undisturbed areas we chose four pristine mesic
meadows (M3), four mesoxeric meadows (M4), and four pristine xeric meadows (M6).
The four blocks contained one of each type of meadow. To collect blood samples from
rodents, we trapped individuals using 110 foldable Sherman live traps per plot placed at
~10-meter intervals in 10 transect lines of 100-m length located in an area of 1 ha per plot.
Trap positions were georeferenced (Garmin GPS 60CSx) for capture-recapture modelling.
Oat meal/rolled oats, sunflower seeds, and dry raisins were used as bait. Traps were
baited at sunset and checked the following morning at sunrise. Traps were closed during
the day and were provided with nesting material at night (Nestlets™; Ancare, Bellmore,
NY) to avoid hypothermia. Trapping was done during 4 consecutive nights at each site.
Captured individuals were given numbered ear tags, weighed, sexed, and released
unharmed.
Blood sample collection
To anesthetize captured animals for blood sampling, each individual was kept in a
Sherman live trap, which was placed for 3 minutes inside a chamber with cotton balls
soaked with 15 mL of Isoflurane 38. Otherwise, Isoflurane was administrated using a nose
cone made of a 50 mL falcon tube (30 x 115 mm polypropylene) with cotton balls soaked
with 5 mL of Isoflurane, which induced anaesthesia in about 0.5 min

38

. Individuals

recovered from the anaesthesia in ca. 3 min.
From each anesthetized individual, we collected blood in a 40-μL capillary tube from
the sub-mandibular vein, the saphenous vein, or, as an alternative, from the retro-orbital
plexus by puncture. A part of the sample was preserved on FTA™ elute cards (GE
Healthcare Life Sciences, Pittsburg, PA) and Longmire’s lysis buffer, and the other part
was collected for sera samples in a Microvette® (Sarstedt, Newton, NC) 200 uL sera tube.
This blood collection protocol was chosen as the least invasive among others described for
small mammals 39. All the animals were released unharmed after blood sampling.
Pathogen surveillance
Pathogen DNA isolated from mammalian blood samples was subjected first to a reverse
line blot (RLB) assay to identify bacterial and piroplasma pathogens. DNA sequences of
detected pathogens were amplified first by multiplex PCR using biotin-labeled general

primers for eubacteria and piroplasma. Then, 5’-end amino-link species-specific probes
were blotted in lines using a Miniblotter 45 (Immunetic, Cambridge, MA). Results were
detected using a chemiluminescent substrate in GeneMate Blue autoradiography film
(BioExpress, Kaysville, UT)

30-32

piroplasma31,32 probes used in

. Oligonucleotide sequences of bacterial
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RLB assay were: Anaplasma phagocytophilum,

Arsenophonus sp., Borrelia afzelii, B. burgdorferi sensu lato, B. burgdorferi sensu stricto,
B. burgdorferi sensu lato 16S, B. lonestari, B. valaisiana, B. garinii, Ehrlichia
canis/ovis/muris, E. ewingii, E. chaffeensis, Francisella endosymbiont of Dermocentor
variabilis, F. philomiragia, F. tularensis subsp. tularensis, F. tularensis + F. philomiragia,
Rickettsia amblyommii, R. amblyommii + Rickettsia sp., Rickettsia endosymbiont of
Dermocentor variabilis, R. rickettsii, Babesia bigemina, B. bovis, B. caballi, B. canis 1, B.
canis 2, Babesia catch-all 1, Babesia catch-all 2, B. divergens, B. felis, B. microti 1, B.
microti 2, B. ovis, B. rossi, B. vogeli, Hepatozoon catch-all, Theileria annae, T. annulata,
T. buffeli, Theileria catch-all, T. equi, T. parva and Theileria/Babesia catch-all.
Spatial autocorrelation
We tested for spatial autocorrelation in rodent community assembly and overall pathogen
incidence among the twenty-four plots using Mantel tests in the freeware application
Vegan: Community Ecology Package40. We calculated dissimilarity matrices among the
plots

using

rodent

species

abundance

(quantitative

Jaccard),

rodent

species

presence/absence (binary Jaccard), and overall pathogen species incidence (quantitative
Jaccard). We calculated physical distance between each pair of sites from UTM coordinates
(interplot distances ranged from 465 m to 35,396 m). We incorporated disturbance as strata
for permutations only within the sites in the specified treatment. Mantel tests (based on
Pearson’s product-moment correlation and 9999 permutations) showed no significant
spatial autocorrelation for the quantitative Jaccard (r = 0.0033, P = 0.43) nor for binary
Jaccard (r = -0.012, P = 0.52) for rodent species assembly. However, Mantel test showed
significant spatial autocorrelation for the overall pathogen incidence (r = 0.145, P = 0.044)
and there was significant strong relationship between overall pathogen assembly and the
Jaccard quantitative distances for rodent species similarity (r = 0.36, P = 0.0001),
suggesting that sites that support similar rodent assemblages are similar as pathogen micro–

environments and tend to be similar in their pathogen composition. In addition, we used
Partial Mantel Test to further test the variability in overall pathogen incidence composition
that could be explained by the rodent assembly and if that variability is spatially structured
after removing the effect of the rodent assembly. We found a significant relationship
between overall pathogen assembly and the Jaccard quantitative distances for rodent
species similarity (r = 0.3655, P = 0.0001) when controlling for physical distance and there
was still a significant spatial autocorrelation for the overall pathogen incidence (r = 0.1539,
P = 0.0368) when controlling for the effect of the Jaccard quantitative distances for rodent
species similarity.

Estimating Biodiversity
To study the role of biodiversity, we estimated biodiversity at the site level with Hill
number estimators41. Hill numbers are a suite of metrics that measure diversity as the
effective number of species. The basic Hill number (D) formula is given:

𝑆

𝑞𝐷 =

1/(1−𝑞)

𝑞
(∑ 𝑝𝑖 )
𝑖=1

Where q is the Hill number order, S is the number of observed species, and pi is the
frequency of species i. The order (q) determines the extent to which the Hill number
accounts for the relative frequencies of different species. For q = 0, the Hill number
simplifies to S, i.e., species richness. For q = 1, the Hill number may be interpreted as the
number of “typical” species in an assemblage (Chao et al. 2010). For q = 2, the Hill number
may be interpreted as the number of “abundant” species in an assemblage41.
Like other diversity metrics, Hill numbers must be estimated from samples. We use two
estimators:
for q=1: 𝐷 = exp(− ∑𝑆𝑖=1 𝑝̂ 𝑖 log( 𝑝̂ 𝑖 ) /(1 − (1 − 𝑝̂ 𝑖 )𝑛 )
for q=2: 𝐷 = 1/ ∑𝑆𝑖=1(𝑋𝑖 (𝑋𝑖 − 1)) /(𝑛(𝑛 − 1))

Where 𝑝̂ 𝑖 is an estimator of the true frequency of species i, and Xi is the sampled frequency
of species i. The data show slightly higher diversity in degraded than pristine sites
according to all three orders of Hill numbers (Fig. 2). This relationship has several
explanations. First, 80 of 81 trapped Urocitellus armatus were found in disturbed areas,
adding disproportionately to the diversity of disturbed sites. Second, five Tamiasciurus
hudsonicus and a single Thomomys talpoides (an extremely rare species — not included in
analyses) were trapped in disturbed sites, while no individuals of these species turned up
in undisturbed sites. Third, the lower relative abundance of Peromyscus maniculatus in
disturbed sites due to the increased relative abundance of the genus Tamias reduces Hill
number orders 1 and 2 in disturbed relative to disturbed sites. As a result of these factors,
diversity as measured by Hill number q = 1 is about 41% higher in disturbed than in
undisturbed sites (t = 2.9).
We used the same approach for the pathogen community. Biodiversity and similarity
estimators were calculated in the freeware application SpadeR (Species Prediction And
Diversity Estimator in R) 42 in R version 3.3.143.

Estimating Disease Risk
Frequency Dependent Model of Strength of Association
Incidence Risk Ratio (IRR) is an effect size measure of the ratio of the incidence risk of
disease in the degraded (exposed) group to the incidence risk of disease in the pristine
(unexposed) group; Population Attributable Risk (PAR) measures the risk in the population
that may be attributable to exposure. We use IRR with the simplifying assumption that
disturbance equates to exposure.
We calculated the overall IRR and PAR across all host taxa and also by host genus using
the freeware application EpiR44 (epi.2by2; Tools for the Analysis of Epidemiological Data)
in R version 3.3.143. EpiR uses the formulae described by Wald45 and those provided by
Rothman and Greenland46 to calculate IRR, PAR, and their confidence intervals.

Density Dependent Model of Probability of Infection

Given the binary nature of infection (a given animal either is or is not infected), we must
rely on models for binary dependent variables. We use the Probit model for this reason.
The log-likelihood general function for Probit is:
ln𝐿 = ∑ 𝑤𝑗 ln Φ(𝑥𝑗 𝛽) + ∑ 𝑤𝑗 ln{1 − Φ(𝑥𝑗 𝛽)}
𝑗∈𝑆

𝑗∉𝑆

WhereΦ is the cumulative distribution function of the standard normal distribution,
𝑤𝑗 denotes the optional weights, 𝑥𝑗 is a vector of variable values for an observation j, and
ß is a vector of coefficient values. The predicted probability of a rodent individual in a
disturbed treatment being infected with a pathogen genus can be calculated through the
coefficients and the independent variables and interactions in the following model.
Let:
𝐻= Pathogen genus (Anaplasma, Babesia, Borrelia, Ehrlichia, Francisella, Hepatozoon,
Rickettia, Theileria).
𝐻𝑖 = infection status of animal i with pathogen H
𝛼 = Peromyscus maniculatus proportion per disturbance treatment
𝛾 = host genus dummy variable
𝜔 = interaction term of 𝛼and𝛾.
The probability of infection probit model is:
𝑃(𝐻𝑖 ) = 𝜙(ß0 + ß1 𝛼 + ß2 𝛾 + ß3 𝜔)
𝑃(𝐻𝑖 ) will be equal for all host individuals within a given genus holding constant 𝛼, so
that the model simplifies to:
𝑃(𝐻𝛾 ) = 𝜙(ß0 + ß1 𝛼 + ß2 + ß3 𝜔)
Genus was chosen as the best approach to analyse the data because of asymmetry among
the species abundances within genera. Thus, the statistical power is higher in the Probit of
pathogen genus rather than performed as a function of pathogen species.
𝛾 = A given rodent genus group. This is: P. maniculatus, Tamias spp., Microtus spp. and
Z. princeps.

Let 𝐷= Disturbance treatment, such that D = 1 for disturbed sites and D = 0 for undisturbed
sites. The variable 𝛼 represents the average Peromyscus maniculatus population
percentage by disturbance. Therefore 𝛼 evaluates to two values:𝛼 =36.78%|D = 1 and 𝛼
= 61.37%|D = 0. The parameter 𝛽1 then measures the effect of the Peromyscus maniculatus
population percentage on the probability of infection, where the Peromyscus maniculatus
population percentage provides a proxy for disturbance treatment. The rationale is that P.
maniculatus individuals are good reservoirs for most of the identified pathogen genera, it
is a resilient species within the rodent community, and it has a constant density across the
disturbance treatments. However, the rodent community assemblage changes. Thus, the
proportion of P. maniculatus relative to other host species varies by disturbance treatment.
There is a greater net proportion of P. maniculatus in undisturbed locations. Therefore, we
assume here that the P. maniculatus proportion in the rodent community has an effect
(positive or negative) on the incidence of a given pathogen genus in a particular host
species.
𝛽2 = Coefficient of host species group (P. maniculatus, Tamias spp., Microtus spp. or Z.
princeps).
𝛽3 = Coefficient of the interaction of the P. maniculatus population percentage change and
host species group.
Due to the limited sample size of Microtus spp. and Z. princeps, these two groups were
modelled excluding 𝛽3
∴ 𝑃(𝐻𝛾 ) = Φ(𝛽0 + 𝛽1 𝛼 + 𝛽2 )
As stated above, we assume that:
𝛼𝐷=0 = 61.37%
𝛼𝐷=1 = 36.78%
Then, for a given host genus𝛾:
𝑃(𝐻𝛾 |𝐷 = 0) = 𝜙(ß0 + ß1 61.37% + ß2 + ß3 61.37%)
𝑃(𝐻𝛾 |𝐷 = 1) = 𝜙(ß0 + ß1 36.78% + ß2 + ß3 36.78%)

The modeled incidence of a pathogen 𝐻in a given genus 𝛾is the product of the probability
of infection with pathogen 𝐻 in an individual of genus 𝛾and the population size of genus
γ in a given site (𝑁𝑠 ).This depends on the rodent community assemblage per disturbance
treatment.
Rationale:
∵ 𝛽1 =

𝜕𝑃(𝐻𝑥 )
𝜕𝑃(𝐻𝑥 )
, 𝛽3 =
𝜕𝛼
𝜕𝛼𝛾

∴ 𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒%∆= 𝑓(𝛼)
Thus:
𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻)𝛾 = 𝑁𝑠 ∗ 𝑃(𝐻𝛾 )
where 𝑁 is the MARK estimated population size per rodent host species𝛾.
The modeled change in incidence is then the difference in incidence between disturbed and
undisturbed sites:
∑ ∆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻)𝛾 = (𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻)𝛾 |𝐷 = 1) − (𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻)𝛾 |𝐷 = 0)

Thus, the percentage change in incidence for a given pathogen 𝐻within a host genus 𝛾
between disturbed and undisturbed sites is:

%∆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻𝛾) =

∆𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻 )
𝛾
[𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒(𝐻)𝛾 |𝐷=0)]

∗ 100

Modelled probability of infection coefficients are depicted in Extended Data, Table 1.
Rodent Population Size estimate through capture-mark-recapture (MARK)
MARK Huggin’s closed capture model: best model per taxon group (P. maniculatus,
Tamias, Microtus and Z. Princeps) was selected via the lowest AIC among the 3 proposed
models.
Models:
a) Time model (Schnabel): Estimated population where trap success is dependent on time
(day 1 vs day2, day 1 vs day3, etc.)

Global Model: M(t) p(t) = c(t)
c) Trap response model: Behavioural model, where trap probability is modelled based on
behavioral variation following initial capture and consecutive recaptures.
This is independent of the capture day.
Covariate Model: M(b) p(.), c(.)
b) Equal catchability model: Null model assumes trap probability is the same for all
animals at all times. This model needs the least information.
Constant Model: M(0) p(.)= c(.)
Parameters:
(p) = Capture probability (i.e., the probability that an animal in the population will be
captured – and marked - for the very first time)
(c)= Recapture probability — conditional on having been captured at least once before.
(t) =Time
The estimated population size for each of the four target reservoir groups is provided in
Extended Data Table 3.
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EXTENDED DATA
Table 1: Incidence Risk Ratio and Attributable Risk Ratio
Genus
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias
Zapus
Microtus
Peromyscus
Tamias

AgentIncidence_Risk_Ratio95%CI_U
Ana
0.5
0.12
Ana
0
0
Ana
0.78
0.07
Ana
0.75
0.05
Bab
0.65
0.47
Bab
1.22
0.98
Bab
0.55
0.41
Bab
1.25
0.33
Bor
0.5
0.23
Bor
0.59
0.38
Bor
0.15
0.06
Bor
1.5
0.14
Erh
0.67
0.18
Erh
0.82
0.29
Erh
0.29
0.07
Erh
0.75
0.11
Fra
0.5
0.12
Fra
1.14
0.66
Fra
0.22
0.08
Hep
0.51
0.29
Hep
1.41
1.07
Hep
0.41
0.29
Hep
1.5
0.14
Rick
1.01
0.17
Rick
1.32
0.74
Rick
0.39
0.21
Rick
2.25
0.25
The
1.03
0.62
The
0.86
0.66
The
0.44
0.29

95%CI_L Attributable_Risk_Pop 95%CI_U
2.16
-2.16
-9.95
NaN
-0.73
-2.54
8.54
-0.19
-2.83
11.39
-0.6
-9.95
0.91
-12.91
-28.24
1.51
3.75
-3.52
0.74
-17.23
-29.36
4.73
1.79
-14.31
1.11
-6.49
-18.96
0.9
-3.98
-9.83
0.36
-11.95
-21.05
15.59
1.19
-8.74
2.57
-1.43
-9.34
2.32
-0.27
-2.83
1.29
-2.47
-7.46
4.95
-1.19
-14.14
2.16
-2.16
-9.95
1.96
0.58
-3.74
0.63
-6.16
-13.36
0.89
-11.17
-26.01
1.85
4.88
-1.76
0.59
-27.94
-40.02
15.59
1.19
-8.74
5.83
0.01
-5.85
2.36
1.11
-2.89
0.73
-9.05
-18.57
20.31
2.98
-7.48
1.7
0.48
-14
1.13
-2.08
-9.02
0.68
-14.59
-26.05

95%CI_L
5.63
1.08
2.46
8.76
2.41
11.02
-5.11
17.88
5.98
1.87
-2.85
11.12
6.47
2.29
2.51
11.76
5.63
4.89
1.03
3.66
11.52
-15.87
11.12
5.87
5.12
0.47
13.44
14.95
4.86
-3.13

Table 2: PROBIT Modeled Probability of Infection

Table 3:
Capture-Mark-Recapture (MARK) Rodent Species Population Size Estimate
Site

Microtus

Peromyscus

Tamias

Zapus

2

1.81

34.16

2.81

28.82

3

42.83

21.62

0

2.61

4

5.27

14.01

0

0

10

5.45

25.09

0

13.12

11

1.81

18.71

15.59

4

12

2

2.81

5.27

0

14

2

10.58

0

0

15

0

18.15

1.81

2.03

17

1.81

31.67

30.73

0

20

33.94

24.93

0

0

23

2

48.58

41.51

0

24

14.96

104.76

16.97

0

TOTAL N
(Pristine)

113.88

355.07

114.69

50.58

1

12.44

19.15

6.22

1.81

5

10.55

7.25

0

0

6

9.26

6.02

3.81

0

7

1.81

3.28

0

2.81

8

4

21.85

15.81

35.78

9

5

5.27

54.39

3.14

13

17.02

69.44

12.39

16.95

16

14.02

27.83

60.11

2

18

10

35.69

29.09

0

19

30.57

38.38

37.8

6.1

21

12.44

59.8

13.33

0

22

0

39.53

51.57

0

TOTAL N
(Degraded)

127.11

333.49

284.52

68.59
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Understanding of the role of intrinsic host community assembly features in
pathogen infection dynamics has been elusive, even more so when studying complex
ecological systems with multiple hosts and pathogens 47,48. Furthermore, the effect of
anthropogenic disturbance on host and pathogen community structure remains
largely overlooked49. Identifying mechanisms that influence pathogen community
assembly are critical to building a predictive framework at the intersection of spatial
structuring, host community competence, and infectious disease distributions21,50.
Here we used natural infection data from 605 individual rodent hosts, portraying
the pathogen infracommunity assemblages, to evaluate the influence of host
microenvironment on pathogen coinfection — explicitly as unique combinations of
pathogen richness — in affecting epidemiological responses such as infection density
and zoonotic disease risk.
We examined the relative contributions of host microenvironmental features that
represent important aspects of parasite requirements for persistence, interspecific
host transmission potential, and host phylogenetic distance, to the structure of the
pathogen metacommunity (29 pathogen species), as well as for individual host
immune responses. We based our rationale on a classical metacommunity structure
analysis approach51 followed by a non-metric multidimensional scaling analysis of the
most frequent pathogen coinfections. We estimated realized competence at the
regional host species level and at the local community level by relating pathogen

density to the relative abundance of the local host species50. Associations were
constructed on intrinsic variation in life histories and immune system strategies
among focal and alternate reservoir species52 and also by host community interaction
dynamic responses to ecologically simplified environments (pristine versus degraded
treatments).
Our findings emphasize the importance of anthropogenic influences on host
metacommunity structure cascading over pathogen transmission dynamics, thereby
forming a fundamental nexus between epidemiology, community ecology, and
ecosystem health.
Pathogens generally have very complex life cycles involving dependence on multiple
host species. Such complexity limits a straightforward predictive framework for
determining cause and effect relationships given spatially diverse multispecies
communities47. Furthermore, host communities are heterogeneous across individuals,
species, and assemblages through time and space48,49. Nonetheless, emergence of the study
of pathogen infracommunity composition has improved our understanding of parasite
interactions at the microenvironmental scale, while its application has unravelled the nexus
between pathogen diversity and host species interactions49,51.
Here we apply metacommunity theory to study the relationship between host species
microenvironments and complex pathogen metacommunities. In our analyses of pathogen
metacommunities in small mammals, each rodent host species is treated as a site with a
unique microenvironment. In this sense, host traits represent intrinsic environmental
characteristics shaping the relationship between hosts and pathogens, which defines the
microenvironment in which pathogen metacommunities thrive. The general premise is that,
in the same way that the biota of a given locale is determined by local environmental
conditions,

pathogen

metacommunities

are

determined

by

the

heterogeneous

microenvironmental conditions, including the immune responses of host species. Indeed,
pathogens coexisting in the same environment (i.e., host individual) are predicted to
interact strongly50,53,54. Thus, an understanding of these microenvironments can improve
our understanding of the processes that determine host competence and pathogen
transmission.

First, we evaluated three characteristics of species distributions (i.e., coherence, turnover and boundary clumping)55,56 that define 14 distinct metacommunity structures under
the Elements of Metacommunity Structure Framework (EMS). Here, we found
checkerboard metacommunity structures at the site level defining our regional rodent
metacommunity, pristine rodent metacommunity, degraded rodent metacommunity,
regional pathogen metacommunity, and pristine pathogen metacommunity (Table 1). The
underlying structuring mechanism in negative coherence (i.e., checkerboard) is driven by
strong interspeciﬁc competition resulting in mutual exclusion while saturating the
microenvironment57, while negative coherence also can reduce pathogen coinfection
because of their differential response to microenvironmental gradients in the host
community. However, the degraded pathogen communities exhibited no systematic
response to host microenvironmental gradient characteristics, and we could infer an
underlying host plasticity influence54 that is masked by the true impacts of anthropogenic
land-use chance on host species assembly and density35,49.

Then, we analysed the

metacommunity structure at the overall individual host level and within each host group
(across the regional scale, pristine and degraded environments). We found predominance
of quasi-Clementsian and quasi-nested clumped species loss metacommunity structures56
( see Table 1 and methods). Quasi-Clementsian structures are truncated at the termini of
the latent microenvironmental host gradient and pathogen species occupy most of the
empirical gradient. This suggests that the underlying variation in host environmental
characteristics along the empirical gradient (i.e., host individuals) is trivial compared to the
niche breadths of pathogen species in the metacommunity.
In contrast, metacommunity structures that follow a quasi-nested clumped species loss
show evidence of pathogen microenvironment specializations, which reveals a distinct
pattern of pathogen species loss associated with changes along the host microecotone
gradient. Such is the case of the host species groups Peromyscus (regional scale), Tamias
(regional and degraded scale) and Microtus (degraded scale), whereby we could infer
pathogen community homogenization due to the drastic changes in host species density
(higher contact rate) within those anthropogenically altered environments (refer to

35

and

see Fig. 1 for summarized NMDS of host microenvironmental traits).
The suitability of a host microenvironment for a given pathogen is generally discussed
in terms of host competence. The ability of a particular host species to contract, amplify,

maintain, transmit, and overcome a disease determines its competence as a focal (main
pathogen reservoir) or alternate reservoir in a given community. Reservoir host species
often display diverse pathogen competence levels acting as asymptomatic, subclinical or
chronic carriers, capable of effective pathogen transmission54,58. Competent reservoir
species for particular pathogens generally tolerate infections, controlled by a strong,
evolved, innate immune response. Other host species respond to infections primarily with
the adaptive immune system3,52. Immune system competence influences pathogen burdens,
and therefore affects rates of transmission among usual hosts, as well as the risk of infecting
humans.
In order to assess host microenvironments and their relationship to pathogen
metacommunities, we assessed the performance of the innate and adaptive immune
systems of host rodents. Sera samples were collected from infected and non-infected
individuals (Fig. 2 and Fig. 3) from the Greater Yellowstone Ecosystem (GYE). Samples
were collected from the six rodent groups: Microtus spp. (M. longicaudus, M. montanus
and M. gapperi), Peromyscus maniculatus), Tamias spp. (T. amoeus and T. minimus),
Tamisciurus hudsonicus, Urocitellus armatus, and Zapus princeps. We quantified innate
immunity as the in vitro antimicrobial capacity of sera for bacterial killing capacity (BKC)
and we assessed adaptive immune systems by quantifying serum IgG concentration (see
methods and Table 2). Multiple pairwise comparisons were made among host groups, and
separately for infected individuals.
Table 2: Adaptive and innate immune response of rodent groups
n
59
305
77
5
39
26

Genus
mean.IgG sd.IgG mean.BKC sd.BKC se.IgG lower.ci.IgG upper.ci.IgG se.BKC lower.ci.BKC upper.ci.BKC
Microtus
39.65 7.25
23.71
63.99 0.94
37.77
41.54
8.33
7.03
40.38
Peromyscus
45.14 3.91
58.14
57.45 0.22
44.70
45.58
3.29
51.67
64.61
Tamias
47.66 0.23
32.72
58.95 0.03
47.60
47.71
6.72
19.34
46.10
Tamiasciurus 47.72 0.04
54.75
22.42 0.02
47.67
47.77
10.03
26.91
82.59
Urocitellus
46.05 2.82
32.47
60.93 0.45
45.14
46.97
9.76
12.72
52.22
Zapus
46.37 3.08
40.90
61.21 0.60
45.13
47.61
12.00
16.18
65.63

The BKC of Peromyscus exceeded that of all other host groups (P<0.05). Further,
Peromyscus exhibited the second to lowest total IgG. These results suggest that this species
is among the most competent zoonotic reservoirs in the GYE rodent community. Not
surprisingly, multiple pairwise comparisons between species groups showed that Microtus

elicited significantly lower IgG levels than the other rodent groups (P<0.001), which is
consistent with a slow pace of life. Peromyscus exhibited the second lowest IgG level and
this difference was significant compared to Urocitellus (P=0.017) and Tamias (P<0.001).
As expected, pathogen infection significantly increased IgG levels (P=0.002). In addition,
age, sex, and the age*sex interaction significantly increased IgG levels (P<0.05). Adult
males of Microtus and Zapus groups produced higher levels of IgG than the other rodents
(P<0.05). Age, but not sex, affected levels of IgG in adult individual Peromyscus and
Urocitellus (P<0.05). Finally, Tamias IgG levels were not significantly influenced by sex
or age (P>0.05).
Z. princeps have a long life span (up to 6 years) and hibernate up to 9 months per year,
which is consistent with a strong adaptive immune system and relatively weak innate
immune system, supporting a slow pace-of-life that allows for the investment in adaptive
immune systems for greater longevity. In contrast, Microtus, which are short-lived rodents
(up to 2 years) with long reproductive seasons, showed the lowest BKC and lowest total
IgG values. Thus, the potential competence of voles as reservoirs for several of the
pathogens studied is uncertain, but cannot be ruled out.
These results reiterate the relative diversity and complexity of the microenvironments
of pathogen metacommunities. To understand the relationship between these
microenvironmental factors and pathogen transmission, we measured host competence for
various pathogens through a competency metric adapted from Johnson et al. 2013, which
is based on pathogen prevalence and rodent relative abundance (see methods). The results
of the competency analysis confirm our general premise that host microenvironment
heterogeneity drives the heterogeneous coexistence of various pathogens in different hosts.
Further we evaluate the effect of human disturbance on host competence by comparing
samples from anthropogenically disturbed sites with samples from undisturbed sites.
The competencies of different host species vary by pathogen genus (Fig. 4). For
example, the host genus Zapus is responsible for less than 1% of the community
competency of Hepatozoon in our sample, but accounts for about 21% of the community
competency of Ehrlichia. Disturbance appears to have a relatively modest impact on
competency among Peromyscus and Microtus but a more pronounced effect on
competency among Tamias and Zapus (Fig. 5). The median competency of Tamias for
Hepatozoon increases from 0.81 in undisturbed sites to 0.93 in disturbed sites. Likewise,

the median competency of Tamias for Babesia increases from 0.81 in undisturbed sites to
1.90 in disturbed sites. Similar increases in competency in disturbed sites are found for
Theileria and Babesia in the host species Zapus principes.
Due in part to the variable competencies of different host species, pathogens show
various coinfection tendencies — namely local pathogen richness and assembly (Fig.6).
Babesia is a particularly gregarious and generalist pathogen. Indeed, Babesia was found in
100% of hosts with Hepatozoon, in 88% of hosts with Theileria, and in 52% of hosts with
Borrelia. These coinfection tendencies suggest the ideal host microenvironments of
Babesia, Hepatozoon, and Theileria share common characteristics.
In contrast, Borrelia tends to be more isolated (prevents coinfection of other pathogens).
Borrelia co-infected an individual host with Hepatozoon and Theileria in 25% and 47% of
cases, respectively, compared to 61% and 70% for hosts infected with Babesia.
Coinfection (pathogen richness within host individuals) varies by host species and
disturbance treatment; the latter possibly reflects differences in host species assemblage
and density in disturbed sites. To test the association of various coinfections with disturbed
versus undisturbed sites, we performed discriminant function analysis (DFA).
DFA quantifies differences among multiple groups with respect to the means of a set of
independent variables. DFA performs a canonical correlation analysis for successive
functions based on optimal combinations of the independent variables to maximize the
explanatory power of the model.
The DFA results suggest that coinfections are more strongly correlated with the
presence of Peromyscus than Tamias (Table 3). The first function of the DFA is mostly
driven by the relative abundance of Peromyscus and is statistically significant, i.e., the
relative abundance of Peromyscus is a significant predictor of variance in the coinfections.
The second function is mostly driven by the relative frequency of Tamias but is statistically
insignificant, i.e., variance in Tamias is a weak predictor of variance in the coinfections. In
general, the results indicate a strong tendency of Borrelia-based coinfections to accumulate
in undisturbed sites with high relative abundance of Peromyscus, as well as a weak
relationship (insignificant at a 95% confidence level) between Rickettsia and disturbed sites
with high relative frequencies of Tamias (Fig.7).
In conclusion, our study demonstrates the vast diversity of host microenvironments
capable of harbouring a widespread array of pathogen metacommunities. We show that

host species exhibit variable intrinsic microenvironmental characteristics such as BKC and
IgG, which are context-dependent. These microenvironmental traits, as well as relative host
species abundance, determine overall host competence. Coinfections may occur where
certain micro- and macroenvironments exhibit characteristics that support multiple
pathogen coexistence. These results highlight that overly simplified single-scale studies
can overlook the true impact of anthropogenic land use change on pathogen dynamics by
changing host species relative abundance, density, and behaviour.
METHODS
Study Site and Rodent Sampling
Our field study was located in Grand Teton National Park (43°44`0``N 110°48`12``W),
within the Greater Yellowstone Ecosystem. Anthropogenic disturbance was classified as
human settlements (i.e., cattle ranches and villages) and grazing pastures. Undisturbed
plots (montane meadows) were selected based on a hydric gradient, which ranges from wet
to very dry meadows (M1 to M6 clasification37).
Small mammal and parasite data were collected as part of 35.
Data represent 605 parasitized host individuals belonging to 9 host species (6 genera)
that were infected by 29 pathogens. Immune data (IgG and BKC) was estimated from
subset of 533 individual host samples.
Metacommunity data
Site-by-parasite presence-absence data were assembled for the overall pathogen
community and for the two disturbance treatments.
Host-by-parasite presence-absence data were assembled for the overall pathogen
community and for the two disturbance treatments.
For all analyses, unparasitized host individuals and host species with less than ten
infected individuals were removed from site-by-species matrices prior to ordination.
Elements of Metacommunity Structure (EMS)
The EMS framework describes species distributions based on ordination through reciprocal
averaging59 by maximizing the correspondence of parasite species distributions among
hosts and the correspondence of parasite community compositions of host species55,56.

Ordination axis scores represent an environmental gradient of similarity of parasite (as
species) community composition among host species (as sites) that might represent the
intrinsic and extrinsic variables that differ across sites.
A coherent community is defined as having a significantly different number of empirical
embedded absences compared with the randomized assembly matrix. If there no significant
coherence (random structure), species distributions behave as if they are independent of
one another and therefore, species do not respond to the same intrinsic environmental
gradients or interact. Negative coherence exhibits more embedded absences than expected
randomly (checkerboard distributions57), and the underlying structuring mechanism is
suggested to be driven by strong interspeciﬁc competition resulting in mutual exclusion
while saturating the environmental gradient. In contrast, metacommunities with positive
coherence have significantly fewer embedded absences than expected by chance. Further
EMS analyses could be assessed solely in metacommunities exhibiting positive coherence
and those are based on range turnover (species replacement) and boundary clumping
(species dispersion among sites).
Nested structures (taxa in species-poor sites are a subset of a species-rich site) are
characterized by negative turnover, whereas Clementsian (i.e. species turnover follows an
environmental gradient) and Gleasonian (i.e. species turnover with stochastic species loss)
are deﬁned by positive turnover. Finally, boundary clumping can distinguish three types of
nested subsets (with clumped species loss, stochastic species loss or hyperdispersed species
loss)56 as well as Clementsian (clumped boundaries), Gleasonian (stochastic distribution
of boundaries), and evenly spaced (hyperdispersed boundaries) structures in an
environmental gradient56.
Results are showed in Table 1 and co-infection patterns associated to EMS, intrinsic host
microenvironment, and host assembly are illustrated in Figure 1.
All analyses of EMS were calculated in the freeware application metacom (R package for
the analysis of metacommunity structure)
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in R version 3.3.143, relying heavily on the

freeware application vegan (Community Ecology Package)40.

Best-fit structure
Checkerboard
Checkerboard
Checkerboard
Checkerboard
Checkerboard
Random
Random
Quasi-Clementsian
Quasi-Clementsian
Nested clumped species loss
Random
Quasi-Clementsian
Quasi-nested clumped species loss
Quasi-Clementsian
Quasi-nested clumped species loss
Quasi-Clementsian
Quasi-Clementsian
Quasi-nested clumped species loss
Random
Quasi-Clementsian
Random

df
7
6
7
26
24
21
26
23
21
21
20
14
16
13
14
14
12
14
12
10
15

p
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000

MI
2.13
1.95
2.55
7.87
6.64
4.28
8.30
6.30
6.66
3.68
3.67
3.19
5.51
2.74
4.64
2.30
2.54
3.01
1.63
2.46
3.18

0.019
0.023
0.023
0.121
0.795
0.615
0.020
0.078
0.104
0.327
0.272
0.506
0.327
0.118
0.591
0.169
0.379
0.938

2.3
2.3
2.2
1.6
-0.3
-0.5
2.3
1.8
-1.6
1.0
-1.1
0.7
-1.0
-1.6
0.5
1.4
-0.9
0.1

875.7
244.3
195.7

1503355.6 599460.2
297464.1 101157.3
402159.3 144711.0
110572.9
32242.8
16289.6
19247.8
2665.2
5599.9
7830.1
1682.3
2456.3
201.1
64.7
1572.0

2648.9
801.6
627.3

310975.7
99292.2
50541.9
59503.3
9199.5
15792.7
29462.8
6631.0
8388.7
1015.9
235.1
5266.7

603
249
183
573522
323700
474937
53950
42461
76992
40650
12126
12071
37135
9264
7067
739
292
5144

0.000
0.001
0.380
0.935
0.040
0.007
0.001
0.373
0.005
0.000
0.000
0.000
0.000
0.000
0.000
0.089
0.041
0.102

-3.7
-3.4
0.9
0.1
2.1
2.7
3.3
0.9
2.8
4.7
3.7
4.5
4.8
5.5
3.7
1.7
2.0
1.6

24.7
11.4
9.7
727.3
271.7
306.5
294.3
138.3
89.4
116.7
37.9
59.7
57.7
23.3
32.0
13.8
8.2
26.5

239.2
93.0
76.5
8393.9
3256.3
3615.3
3257.3
1520.1
1044.2
1058.6
325.1
415.5
687.0
0.0
266.3
44.5
21.7
201.3

332
132
68
8335
2697
2790
2286
1397
793
514
186
146
411
116
147
21
5
158

24
12
12
605
271
334
304
161
143
142
57
85
95
45
50
21
14
41

GYE Pathogens
Pathogens- Pristine
Pathogens- Degraded
Pathogen- Host Level
GYE all
Rodents
GYE Pristine
GYE Degraded

Peromyscus All
Pristine
Degraded

All
Pristine
Degraded

All
Pristine
Degraded

All
Degraded

Tamias

Microtus

Zapus

Urocitellus Degraded

Boundary clumping
p
0.009
0.003
0.006

z
2.6
3.0
2.8

σ2
176.5
52.2
50.9

Species turnover
Mean
510.6
157.5
140.9

Re
50
0
0

p
0.000
0.000
0.002

z
-3.9
-4.8
-3.1

σ2
7.9
4.5
4.2

Mean
67.1
20.4
23.0

Abs = number of embedded absences, Re = number of replacements, MI = Morista’s Index, σ 2 = Variance. Mean and σ2 values are those calculated from the 1000 generated null matrices.

Sites

Community
GYE Rodents
Rodents-Pristine
Rodents-Degraded

Abs
98
42
36

Unit
Sites

N
24
12
12

Coherence

Table 1. Results of Elements of Metacommunity Structure analysis.

Figure 1

Estimating species immune competency:
Bacterial Killing Capacity: We adapted the protocol published by Liebl and Martin60,
with modifications as follows: 2μl of sera per sample; 1 x 103 Escherichia coli
(ATCC#8739) microbes per mL; 96-well plates were run in triplicate; absorbance reading
at 600 OD (T0 and T12); and incubation at 37°C during 12 hrs. Each plate had 8 positive
control wells, 4 negative control wells (Penicillin-Streptomycin solution 100X) and 4 blank
wells.
AlphaScreen® General IgG (PerkinElmer, Waltham, MA): Total IgG quantification
was estimated following the manufacturer protocol and using 1:50 sera dilution in a 96well optiplate in duplicate.

Figure 2

Figure 3

Estimating species and community competency:
For each site, we calculated host species competence metric adapted from Johnson et al,
201321 given:

𝑐ℎ𝑠𝑝 =

𝑖ℎ𝑠𝑝 ∗ 𝑛ℎ𝑠
𝑁𝑠

Where 𝑐ℎ𝑠𝑝 is the competency of host species h for pathogen p in site s, 𝑖ℎ𝑠𝑝 is the number
of animals from host species h infected with pathogen p in site s, 𝑛ℎ𝑠 is the total number of
animals from host species h in site s, and 𝑁𝑠 is the total population density of all host
species in site s. We define the average competency of host species h for pathogen p across
all sites as:

𝐶ℎ𝑝 =

∑𝑆𝑛=0 𝑐ℎ,𝑠
𝑆

Where S is the number of sites where a given host species is found. For illustrative
purposes, we also develop a metric for average competency across all eight pathogen
genera, given:

𝐶ℎ𝑝

∑𝑃𝑛=0 𝐶ℎ𝑝
=
𝑃

Where P is the number of pathogen genera (pathogen local richness) found in a given host
species. Given the formulae described above, competency is positively correlated with
species abundance. As a result, Peromyscus and Tamias have the largest mean
competencies across sites and pathogens (Fig. 4).

Fig. 4. Overall host genus abundance (light blue bars) plotted with overall mean
competency (hollow blue circles) across all pathogen genera.
The competencies of different host species vary by pathogen genus (Fig. 5). For example,
the host genus Zapus is responsible for less than 1% of the community competency of
Hepatozoon, but accounts for about 21% of the community competency of Ehrlichia.
Disturbance appears to have a relatively modest impact on competency among Peromyscus
and Microtus but a more pronounced effect on competency among Tamias and Zapus (Fig.
4). The median competency of Tamias for Hepatozoon increases from 0.81 in undisturbed
sites to 0.93 in disturbed sites. Likewise, the median competency of Tamias for Babesia
increases from 0.81 in undisturbed sites to 1.90 in disturbed sites. Similar increases in
competency in disturbed sites are found for Theileria and Babesia in the host species Zapus
principes.

Fig. 5. Competencies of four host genera for eight pathogen genera in undisturbed and
disturbed sites.
Pathogen coinfection patterns
Due in part to the variable competencies of different host species, pathogens show various
coinfection tendencies — namely local pathogen richness and assembly (Fig. 6). Babesia
is a particularly “gregarious” and generalist pathogen. Indeed, Babesia was found in 100%
of hosts with Hepatozoon, in 88% of hosts with Theileria, and in 52% of hosts with
Borrelia. In contrast, Borrelia tends to be more “isolated” (prevents coinfection of other
pathogens). Borrelia co-infected an individual host with Hepatozoon and Theileria in 25%
and 47% of cases, respectively, compared to 61% and 70% for hosts infected with Babesia.

Fig. 6. Coinfection relationships for the four most abundant pathogens. The size of the
circles surrounding the central circles represents the percentage of cases in which the
pathogen in the center circle shared a host with that pathogen. Pathogen genera: Babesia
(BAB), Borrelia (BOR), Francisella (FRA), Hepatozoon (HEP), Rickettsia (RIC) and
Theileria (THE).
Discriminant Analysis
Coinfection (pathogen richness within host individual) varies by host species and
disturbance treatment; the latter is possibly driven by differences in host species
assemblage and density in disturbed sites. To test and visualize the association of various
coinfections with disturbed versus undisturbed sites, we performed discriminant function
analysis (DFA).

DFA measures whether multiple groups differ in regards to the means of a set of
independent variables. DFA performs a canonical correlation analysis for successive
functions based on optimal combinations of the independent variables in order to maximize
the explanatory power of the model. The canonical structure in each function determines
the variance of each independent variable explained in that function (the explained variance
can be calculated as the square of the loading terms presented in Table 3. Interpreting the
DFA requires that the independent variables be normally distributed, thus the binary
variable for disturbance did not meet this assumption. Similar to other approaches in this
study, we applied the relative abundance of host genera Peromyscus and Tamias as a proxy,
where large values of Peromyscus relative abundance are generally correlated with
undisturbed sites, and high relative abundances for Tamias are generally associated with
disturbed sites (Gutiérrez et al., 201X). To reduce statistical noise from rare coinfections,
we limited the analysis to coinfections present in at least 20 host individuals.

Table 3. Discriminant Function Analysis Results
Canonical Structurea
Peromyscus %

Tamias %

Loading

Loading

1

0.99

2

-0.16

Function

Eigen Value

F (p-value)

-0.21

0.16

5.4 (0.0) *

0.98

0.04

2.1 (0.05)

* statistically significant at the 95% confidence level.
a

The square of the loading term is equal to the variance of that variable explained with a

given function. Therefore, function 1 is mostly driven by Peromyscus % (percentage per
site), and function 2 is mostly driven by Tamias % (percentage per site).
The results suggest that coinfections are more strongly correlated with the presence of
Peromyscus than Tamias (Table 3). The first function of the DFA is mostly driven by the
relative abundance of Peromyscus and is statistically significant, i.e., the relative
abundance of Peromyscus is a significant predictor of variance in the coinfections. The
second function is mostly driven by the relative frequency of Tamias but is statistically

insignificant, i.e., variance in Tamias is a weak predictor of variance in the coinfections. In
general, the results indicate a strong tendency of Borrelia-based coinfections to accumulate
in undisturbed sites with high relative abundance of Peromyscus, as well as a weak
relationship (insignificant at a 95% confidence level) between Rickettsia and disturbed sites
with high relative frequencies of Tamias (Fig. 7).

Fig. 7. Visualization of results from the Discriminant Function Analysis for coinfections
found in at least 20 hosts. F1 and F2 correspond to functions 1 and 2 in Table 3.
Coinfections with Borrelia are depicted in red. The pictures for host genus Tamias
(percentage per site) and Peromyscus (percentage per site) represent the loadings of those
variables (see Table 3). Pathogen genera: Babesia (Bab), Borrelia (Bor), Hepatozoon
(Hep), Rickettsia (Ric) and Theileria (The).
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